Analysis of haplotypes based on multiple single-nucleotide polymorphisms (SNP) is becoming common for both candidate gene and fine-mapping studies. Before embarking on studies of haplotypes from genetically distinct populations, however, it is important to consider variation both in linkage disequilibrium (LD) and in haplotype frequencies within and across populations, as both vary. Such diversity will influence the choice of ''tagging'' SNPs for candidate gene or whole-genome association studies because some markers will not be polymorphic in all samples and some haplotypes will be poorly represented or completely absent. Here we analyze 11 genes, originally chosen as candidate genes for oral clefts, where multiple markers were genotyped on individuals from four populations. Estimated haplotype frequencies, measures of pairwise LD, and genetic diversity were computed for 135 European-Americans, 57 Chinese-Singaporeans, 45 Malay-Singaporeans, and 46 Indian-Singaporeans. Patterns of pairwise LD were compared across these four populations and haplotype frequencies were used to assess genetic variation. Although these populations are fairly similar in allele frequencies and overall patterns of LD, both haplotype frequencies and genetic diversity varied significantly across populations. Such haplotype diversity has implications for designing studies of association involving samples from genetically distinct populations.
S
INGLE-NUCLEOTIDE polymorphism (SNP) markers are extremely common throughout the genome and provide very dense maps over small chromosomal regions. Individual genes often include multiple SNPs in coding regions, introns, and surrounding regions, so using haplotypes of several SNPs should provide greater statistical power to detect causal genes for complex traits in either conventional case-control or family-based study designs (Schork et al. 2000; Morris and Kaplan 2002) . Haplotypes can convey more information about an unobserved causal variant by identifying it uniquely or by identifying related haplotypes that are overrepresented among cases. The disadvantages of haplotype analysis are: (1) the large numbers of possible haplotypes, which often create problems with sparse data even in large samples, and (2) differences in haplotype frequencies across genetically distinct populations. Genetically distinct populations may differ in both the extent of linkage disequilibrium (LD) and their haplotype frequencies, which add a source of heterogeneity to tests of association between cases and controls rather than improving the statistical efficiency of such tests. Genetic diversity must be taken into account when planning haplotype-based studies where samples are drawn from several populations.
We have developed an international, multicenter study to identify genes controlling risk of oral clefts including sites in Maryland, Singapore, Taiwan, and China. Our study design involves large-scale screening of candidate genes using haplotype-based approaches in family-based tests of association. Emerging statistical methods for haplotypes hold the promise of improving statistical power (Schork et al. 2000) , but the concern about different population ancestries becomes a greater problem for analysis of haplotypes where the number of different categories can increase dramatically. Using samples from genetically distinct populations will require more care in estimating haplotype frequencies and in selecting SNPs for genotyping, especially if ''tagging'' SNPs are desired to minimize genotyping effort. Thompson et al. (2003) showed that relatively small samples of individuals can be genotyped for all known SNPs in a region and used to select a subset of markers that will identify or ''tag'' common haplotypes within a homogeneous population. Whenever the haplotype frequencies vary across populations, selection of tagging SNPs must be tailored to each population. This initial analysis of four samples of unrelated subjects from distinct populations provides the opportunity to estimate genetic distance and variability both within and between populations. Such 1 information partially reflects the historical relationships among these populations.
Patterns of pairwise LD over the human genome are now beginning to emerge (Tiret et al. 2002; Crawford et al. 2004) . While pairwise LD generally varies inversely with physical distance between two markers, this is far from uniform within genes or even larger chromosomal regions. Variation in LD is a function of the history of human populations, and reflects the combined forces of drift, admixture, and selection over evolutionary time Zhang et al. 2003) . Different populations show different patterns of pairwise LD, and this is reflected in different haplotype frequencies. Furthermore, the diversity of haplotypes for a given set of SNPs in a sample reflects both the size of the sample (the number of chromosomes or individuals) and the underlying population structure from which the sample was drawn. Variability in estimated haplotype frequencies across populations will in turn influence the available information about the structure of haplotype blocks and their boundaries. Here we present an analysis on 11 candidate genes, where at least three SNPs were available for analysis in all four populations. We contrast measures of pairwise LD and estimated haplotype frequencies, as well as haplotype diversity among four samples of unrelated individuals [European-Americans (EA) from Maryland, Chinese-Singaporeans (CS), IndianSingaporeans (IS), and Malay-Singaporeans (MS)], and illustrate some of the limitations in using haplotypebased strategies in studies of candidate genes involving several genetically distinct populations.
MATERIALS AND METHODS
Population samples: Four populations were sampled. These samples included 135 unrelated EA parents of probands with an isolated nonsyndromic oral cleft who were recruited as part of an ongoing study in Maryland (Beaty et al. 1997 (Beaty et al. , 2001 ). In addition, DNA from anonymous cord blood samples was extracted from 57 ethnic CS, 45 ethnic MS, and 46 ethnic IS neonates born in Singapore between 1999 and 2003. All Singapore samples were classified by the reported ethnic group of the infant's mother. To assure anonymity of these samples, exact birth dates were removed, but gender and ethnic group information were retained, and approximately equal numbers of males and females were included.
SNP markers: SNPs for each candidate gene were originally identified through sequencing a small number of parents of infants with an oral cleft from our Maryland study, which would preferentially select EA polymorphic variants. Thus, it is not surprising that some of these SNPs were polymorphic only in the EA group, with one or more of the Singapore groups having only one allele. SNPs were genotyped using the highly multiplexed bead array assay (Oliphant et al. 2002) . Genotyping occurred in two rounds, first on the EA samples and subsequently on the three Singapore samples. Analysis of genotype data on duplicated samples showed a very low rate of errors among 15 controls with three to six duplicate samples each: the mean inconsistency rate was 0.3% (ranging from 0.0 to 1.2%) among all duplicated samples, yielding an average agreement in genotypes among duplicates of 99.7%. Each marker was tested for deviation from Hardy-Weinberg equilibrium separately within each population, and observed levels of heterozygosity were calculated for each marker. Supplementary Table S1 (http:/ /www.genetics.org/supplemental/) contains a listing of SNPs used here, and information on novel SNPs has been deposited into dbSNP (http:/ /www.ncbi.nlm. nih.gov/SNP/).
Haplotype frequencies: Haplotype frequencies for each pair of SNPs and for all SNPs within a gene were estimated within each population using the expectation-maximization (EM) algorithm. Pairwise LD was calculated using both D9 and r 2 , using the SNPEM program (Fallin et al. 2001) and Haploview (http:/ /www.broad.mit.edu/mpg/haploview/ index.phy). Measures of haplotype diversity were based on these estimated haplotype frequencies asĤ ¼ ðn=ðn ÿ 1ÞÞ Á
for k haplotypes each with frequency p i and total chromosome count n (Nei 1987) . This measure of gene diversity is analogous to the heterozygosity at a single locus and attains its maximum when haplotypes observed in the sample occur at equal frequencies. The number of different haplotypes in each population reflects this haplotype diversity; however, this is colored by available sample sizes as smaller samples are less likely to include rare haplotypes. To understand whether the observed number of unique haplotypes was different among populations, we first calculated the number of expected haplotypes for each population sample on the basis of frequencies from our largest sample and standardized this to the actual size of each group for comparison as shown in Equation 8 from Chakraborty et al. (1988) .
Measure of population variability: Analysis of molecular variance (AMOVA) was used to test for heterogeneity within and among populations on the basis of estimated haplotype frequencies (Excoffier et al. 1992 ). This approach (as implemented in the Arlequin package) is similar to a traditional analysis of variance of haplotype frequencies, but considers the number of site differences among observed haplotypes. Here, we simply defined four populations (EA, CS, MS, and IS) and estimated the variance within and among populations. In the AMOVA, the variance among populations is analogous to Wright's fixation index (F ST ) and the statistical significance of either the variance among populations or the F ST itself was evaluated by permuting haplotypes over all four populations (Excoffier 2003) . In addition, pairwise F ST statistics based on haplotype frequencies were used to contrast these four populations (EA, CS, MS, and IS). Again, the statistical significance of these measures of genetic distances was approximated by permuting haplotypes between each member of the pair, and the proportion of permutations giving an F ST equal to or greater than the observed F ST served as an empirical P-value.
RESULTS
From an original list of 27 candidate genes, 11 genes had three or more polymorphic SNPs available for haplotype analysis. Table 1 shows the number of SNPs available for each gene, the mean and range of observed SNP heterozygosity seen in each sample, the number of inferred haplotypes for each sample, and a measure of haplotype diversity. Some SNPs showed modest levels of heterozygosity, but at least one SNP in each gene approached the theoretical maximum heterozygosity of 50%. While the maximum expected heterozygosity is 50% under Hardy-Weinberg, some markers had estimates slightly above this value simply due to sampling variation. However, none of these SNP markers showed significant deviation from Hardy-Weinberg equilibrium.
Measures of pairwise LD (both D9 and r 2 ) were calculated for all pairs of SNPs in each gene. To consider patterns of LD, we examined the four genes with at least six SNPs (BMP4, MMP13, EGF, and FGFR2) across each sample (EA, CS, IS, and MS). All SNPs were considered in this analysis, ignoring any suggested block structure (Figure 1 ). While there was some variability in the estimated magnitude of LD, the overall patterns were similar across all four populations. Samples from Singapore showed higher pairwise LD in general, with more redundancy between SNPs (several had r 2 ¼ 1, indicating perfect correlation). While pairwise LD varied slightly across populations, overall the block structure appears roughly similar in all four samples (see Figure 1) . Some algorithms for selecting blocking boundaries require specification of some cutoff based on LD, so variation across populations in measures of LD and their statistical significance would create some variability in the haplotype blocks. Depending on exactly how their boundaries were defined, haplotype blocks could show considerable variability.
In part, this variability in LD could also be a function of sample size, since the three Singaporean groups (CS, IS, and MS) were smaller than the EA group. Using the method of Chakraborty et al. (1988) to compute the expected numbers of haplotypes observed in each of these three smaller groups gave no suggestion that the observed differences in haplotype number or diversity could be explained solely by sample size (data not shown). Figure 2 displays the estimated frequencies of each inferred haplotype present in these four samples for these 11 candidate genes with at least three SNPs. In this figure, the order of the haplotypes was set by their relative frequency in the largest sample (here EA), and haplotypes in the other three samples are presented in this same order. For example, the most common haplotype for BMP4 in the EA group was relatively rare in the CS and MS groups, but was more common in the IS group. See supplementary Table S2 (http://www.genetics.org/supplemental/) for estimated frequencies of each haplotype in the four populations, with the order as in Figure 2 . The total number of inferred haplotypes for a specified set of SNPs in a sample partly reflects its sample size, with larger samples more likely to include rarer haplotypes. Thus it is not surprising that the largest sample (EA, with 2n ¼ 270 chromosomes) generally had more unique haplotypes, but many of these haplotypes were uncommon (,5%). The three Singaporean groups (CS, MS, and IS) typically had fewer uniquely inferred haplotypes, although this could not be attributed solely to their smaller sample sizes. The thick vertical line in Figure 2 denotes the 90% mark for all inferred haplotypes for all samples. Again using BMP4 as an example, 5 distinct haplotypes (among the 17 present) in the EA group accounted for .90% of all 270 chromosomes. For this same gene, 8 distinct haplotypes (among 10) accounted for .90% of the 92 chromosomes found in the IS sample. These patterns are also reflected in the haplotype diversity levels shown in Table 1 . Whenever a small number of haplotypes represents a larger proportion of a sample, there is less genetic diversity. For example, the LYAR gene showed that only 2 or 3 haplotypes accounted for .90% of the sampled chromosomes in all four populations and had correspondingly smaller measures of genetic diversity in Table 1 . While this measure of gene diversity varied considerably across these four populations (EA, CS, MS, and IS), there was no clear pattern of major differences in Table 1 , and none of these four populations can be considered ''restricted'' in their genetic diversity. From Figure 2 , it is also apparent that the Singapore samples can have diversity equal to or greaterer than that of the EA sample for some candidate genes (e.g., BMP4 and MMP13).
As with nearly all studies of human populations, most of the variance in haplotype frequencies for these 11 genes occurred within populations. Although all of these 11 genes showed statistically significant differences in haplotype frequency among the four populations (empirical P-values were uniformly ,0.001 for all 11 genes), these differences across populations accounted only for a minority of the observed variance in haplotype frequencies ( Table 2 ). The percentage of variation among populations from the AMOVA ranged from 5.32% for MMP13 (based on six SNPs) to 28.78% for RBP1 and RBP2 (based on only three SNPs). This percentage of variance in haplotype frequency attributable to differences among populations can be viewed as a multilocus fixation index (F ST ) statistic and serves as a measure of genetic distance (Degioanni and Darlu 1994) . Pairwise comparisons of these four populations showed considerable variation in these F ST values (see Table 2 ). For some genes, the differences between the Table 1 for number of SNPs and unique haplotypes; see supplementary Table S2 (http:/ / www.genetics.org/supplemental/) for estimated haplotype frequencies in each population].
CS and MS groups were not statistically significant (6 of the 11 genes showed nonsignificant empirical P-values and none showed empirical P-values ,0.01). The EA and IS groups showed only marginally significant differences for 3 of the 11 genes (BMP4, FGFR2, and GABR3). This suggests that the CS and MS groups are genetically similar, while the IS and EA groups are somewhat similar. Our goal here is to describe SNP and haplotype frequencies for a number of candidate genes in samples of unrelated individuals drawn from four genetically distinct populations. If different populations have the same or similar patterns of pairwise LD, it will be relatively easy to identify the minimum number of SNPs that tag the most common haplotypes, termed ''tagging SNPs,'' and to use these to test for association under either case-control or family-based study designs. However, whenever haplotype frequencies vary considerably across populations, it becomes more difficult to predict which SNPs will identify enough of the existing haplotypes in all subpopulations to ensure adequate coverage (Evans and Cardon 2005) , and the chance of spurious findings due to confounding increases in tests of association. Of course, factors such as sample size become important when estimating haplotype frequencies, but the key determinant of differences remains the underlying level of haplotype diversity and LD across populations. Recently, several groups have demonstrated that there can be substantial variability in LD patterns across ethnic/racial groups even within individual genes (Bonnen et al. 2002; Shifman et al. 2003) . Bonnen et al. (2002) showed how patterns of LD can differ substantially in comparable physical regions around candidate genes ($100-200 kb each), using equal-sized samples of European-Americans, AfricanAmericans, Asian-Americans, and Hispanic-Americans. For some genes, there was virtually complete LD over the entire region in all groups, while regions around other genes showed substantial variation in LD. These four subgroups also showed evidence of substantial genetic diversity as measured by Wright's fixation index, F ST . Shifman et al. (2003) examined 90 individuals (180 chromosomes) from three subgroups: EuropeanAmericans, African-Americans, and Ashkenazi Jews (of Eastern European descent), which represent outbred, admixed, and restricted genetic populations, respectively. Evidence of significant genetic diversity among these three populations was reflected in the haplotype diversity and in differences in LD ''useful'' for association studies. African-Americans had lower levels of LD and greater haplotype diversity than did EuropeanAmericans, which in turn had greater diversity than did Ashkenazi Jews, a genetically restricted population with a historical bottleneck. Recently, Hinds et al. (2005) examined 1.5 million SNPs from 71 individuals of European, African, and Han Chinese descent and observed consistent differences in patterns of LD, haplotype diversity, and haplotype frequency among populations.
For the 11 candidate genes examined here, the overall pattern of LD among these four populations was similar, although the statistical significance of measures of LD (especially D9) varied considerably. However, in an analysis of molecular variance, differences in haplotype frequencies among these four populations were always statistically significant, accounting for 4-28% of the total variance. These differences are sufficient to warrant caution when trying to identify tagging SNPs for either individual genes or haplotype blocks. This is especially true if the known SNPs were initially identified in only one subpopulation, and haplotype blocks were then defined in that subpopulation alone before tagging SNPs were selected. Thompson et al. (2003) suggested that modest numbers of subjects (as few as 25) can reliably identify tagging SNPs, and we suggest that this be done separately in each genetic subpopulation when multicenter studies are being conducted.
